We propose a new scenario of Affleck-Dine baryogenesis where a flat direction in the MSSM generates B − L asymmetry just after the end of inflation. The resulting amount of baryon asymmetry is independent of low-energy supersymmetric models but is dependent on inflation models. We consider the hybrid and chaotic inflation models and find that reheating temperature is required to be higher than that in the conventional scenario of Affleck-Dine baryogenesis. In particular, non-thermal gravitino-overproduction problem is naturally avoided in the hybrid inflation model. Our results imply that Affleck-Dine baryogenesis can be realized in a broader range of supersymmetry and inflation models than expected in the literature.
Introduction
The Big Bang theory is successful to explain the expansion of the Universe, the cosmic microwave background (CMB), and light element abundances. It requires the baryon-toentropy ratio of order 10 −10 as an initial condition at a temperature above 1 MeV. When we consider the earlier Universe, there is an era of exponential expansion, called inflation, which solves cosmological problems related to the initial conditions of the Universe, such as the horizon problem, flatness problem, and origin of large scale structure. However, baryon asymmetry is washed out by inflation, so that we need a mechanism to generate the observed amount of baryon asymmetry after inflation. In supersymmetric (SUSY) theories, baryon asymmetry can be generated by AffleckDine baryogenesis (ADBG) using a B − L charged flat direction called an AD field [1, 2] . The AD field is assumed to have a negative effective mass term, called a Hubble-induced mass term, due to a finite energy density of the Universe via supergravity effects, which implies that it obtains a large VEV during and after inflation. As the energy density of the Universe decreases, the effective mass decreases. Eventually, the effective mass becomes comparable to the soft mass of the AD field, and then the AD field starts to oscillate around the origin of its potential. At the same time, its phase direction is kicked by its A-term potential. Since the B − L number density is proportional to the phase velocity of the AD field, the B − L asymmetry is generated through this dynamics. Finally, the coherent oscillation of the AD field decays and dissipates into the thermal plasma and the B − L asymmetry is converted to the desired baryon asymmetry through the sphaleron effects [3, 4] . There are many applications of ADBG (e.g., Refs. [5, 6, 7, 8, 9, 10, 11] ). It could solve the baryon-DM coincidence problem [12, 13, 14, 15, 16, 17, 18, 19, 20] and the moduli problem [21, 22, 23, 24, 25, 26, 27] . The mechanism can also be used to generate asymmetry in dark sector [28, 29, 30] . Inflaton may play a role of the AD field in non-SUSY models [31, 32] .
As mentioned above, the AD field obtains a Hubble-induced mass due to the finite energy density of the Universe during and after inflation (see Refs. [33, 34, 35, 36] for recent works on Hubble-induced terms.) In the conventional scenario of ADBG, the sign of the Hubbleinduced mass term is assumed to be negative during and after inflation. However, the sign of the Hubble-induced mass term can change after inflation because the source of the energy density of the Universe generically changes after inflation. In this paper, we investigate a new scenario that the AD field obtains a negative Hubble-induced mass term during inflation
Conventional scenario of ADBG
In this section, we review the conventional scenario of ADBG to clarify the difference from our scenario explained in the subsequent sections.
Preliminary
In SUSY theories, there are SUSY partners of quarks and leptons, called squarks and sleptons, which are complex scalar fields carrying B − L charges. Let us consider one of them and denote it as φ. When we write its B − L charge as q, the number density of B − L asymmetry associated with φ is written as
This implies that we can obtain a large amount of B − L asymmetry when the field φ rotates in the complex plane with a large amplitude. Thus we focus on a B − L charged scalar field that has a very flat potential. In SUSY theories, there are two types of potentials for scalar fields: D-term and F-term potentials. Although gauged scalar fields have D-term potentials, it is known that D-terms are cancelled for gauge-singlet combinations of scalar fields. For example, when the field φ consists of the following combination, D-term potentials are cancelled:
where the upper indices represent color and the lower ones represent flavours (j = k). 
where L and H u are left-handed slepton and up-type Higgs, respectively. F-term potentials are determined by superpotential W as
In the minimal SUSY Standard Model (MSSM), the superpotential is given by [45] .
Hubble parameter during inflaton-oscillation dominated era. Thus we can take a timeaverage over the inflaton-oscillation time scale to investigate the dynamics of the AD field.
Assuming that the inflaton oscillates in a quadratic potential after inflation, we obtain an effective Hubble-induced mass for φ after inflation:
where we use the Virial theorem and include the contribution from the F-term potential.
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In the conventional scenario, c H is assumed to be negative during and after inflation. This means that the AD field has a large tachyonic mass and obtains a large VEV during the time of H(t) > ∼ m φ . Since the AD field has a large VEV, we have to take into account nonrenormalizable terms to investigate its dynamics. Although the superpotential of the AD field is absent within the renormalizable level, it may have a higher-dimensional superpotential such as
where n (≥ 4) is an integer depending on flat directions and M Pl ( 2.4 × 10 18 GeV) is the reduced Planck scale. For example, since the neutrinos have nonzero masses (denoted as m ν i ), we introduce a superpotential of
where H u = sin β ×174 GeV and tan β ≡ H u / H d . Thus LH u flat direction corresponds to the case of n = 4 in Eq. (17) . We can also write a superpotential of (
The superpotential leads to a F-term potential of φ as
where we neglect irrelevant higher-dimensional terms in the supergravity potential.
6 Inflation may be driven by a D-term potential of inflaton. In this case, the Hubble-induced mass is absent during inflation but the AD field stays at a nonzero VEV due to the Hubble-friction effect [48, 49, 50] . The inflaton obtains nonzero F-term after inflation ends, so that the AD field obtains a Hubble-induced mass during the inflaton oscillation dominated era. Thus the scenario of ADBG and resulting B − L asymmetry are the same with the ones in F-term inflation.
Case without thermal effects
Let us explain the dynamics of the AD field and calculate B − L asymmetry. In this section, we neglect thermal log potential, which is explained and introduced in the next subsection.
As explained in the previous subsection, the potential of the AD field is given by
during the inflaton-oscillation dominated era. When we decompose the AD field as φ = ϕe iθ / √ 2, the equations of motion are written as
where H = 2/3t during the inflaton-oscillation dominated era. Note that the phase direction has a Hubble-friction term (3Hθ). The coefficient c H is assumed to be negative in the conventional scenario of ADBG. In this case, the AD field has a tachyonic mass, so that it obtains a large VEV. The VEV of the AD field at the potential minimum is given by
for H(t) > ∼ m φ . The AD field follows this potential minimum. The phase of the flat direction stays at a certain phase due to the Hubble friction term. We denote the initial phase of the AD field as θ 0 , which is expected to be of order unity. When the Hubble parameter decreases to m φ , the potential of the AD field is dominated by the soft mass term and it starts to oscillate around the origin of the potential. Here we denote the Hubble parameter at the time of beginning of oscillation as H osc :
The VEV of the AD field at that time is given by
At the same time, its phase direction is kicked by the A-term, so that it starts to rotate in the phase space. This is the dynamics that generates the B − L asymmetry [see Eq. (1)]. The evolution of equation for the B − L number density is written aṡ
where q denotes the B − L charge of the AD field. We semi-analytically and numerically solve this equation and obtain
where we assume c H = −1 in the last line. We define the ellipticity parameter (≤ 1) which represents the efficiency of baryogenesis. Since the B − L number density has to be smaller than that of the total AD field times B − L charge q, is at most unity. We have numerically solved the equation of motion for φ and have obtained the numerical factor of (2 − 4) in Eq. (31) for c H = −1 and < ∼ 1. One of the numerical results is shown in Fig. 1 , where we set n = 6, c H = −1, am 3/2 /m φ = −1, and θ 0 = π/10. One can see that the phase direction is kicked and the B − L asymmetry is generated at t ∼ m
osc . The amplitude of the flat direction decreases as time evolves due to the Hubble expansion and the B − L breaking effect (i.e., the A-term) becomes irrelevant soon after the oscillation. Thus, the generated B − L asymmetry within a comoving volume is conserved soon after the AD field starts to oscillate as one can see in Fig. 1 .
Then, the oscillating AD field decays and dissipates into radiation [51] and the sphaleron effect relates the B − L asymmetry to the baryon asymmetry [3, 4] . 7 Since the sphaleron process is in thermal equilibrium, the resulting baryon asymmetry is related to the B − L asymmetry such as [52] 
We can calculate the resulting baryon-to-entropy ratio Y b such as 
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1.2 × 10 −10 qλ
where
Pl ) is the energy density of the inflaton and T RH is reheating temperature. In the last line, we use Eq. (27) . The resulting baryon asymmetry can be consistent with the observed baryon asymmetry of Y (obs) b 8.7 × 10 −11 [53] . Since we expect q ∼ 1, a relatively low reheating temperature is required to explain the observed amount of baryon asymmetry unless the parameter λ is much larger than unity.
Case with thermal effects: LH u flat direction
In this section, we take into account thermal log potential. It is particularly important for the case of n = 4, including the case of LH u flat direction. After inflation ends and before reheating completes, inflaton gradually decays into radiation. Since the energy density of radiation is given by ρ rad (3/5)ρ inf Γ I t, there is a background plasma with a temperature of
where g * is the effective number of relativistic degrees of freedom in the thermal plasma.
The decay rate of inflaton Γ I is related with the reheating temperature as
Here we explain the origin of the thermal log potential, focusing on LH u flat direction. The free energy of the thermal plasma F depends on QCD coupling g s in the next-to-leading order as
is the number of family in the thermal plasma. Here, the quark multiplets obtain effective masses via the Yukawa interactions when LH u flat direction has a large VEV [see Eq. (5)]. When its VEV is larger than the temperature of the plasma, the renormalization running of g s is affected and its value at the energy scale of T depends on the VEV of LH u flat direction: g s (T ) = g s (T, φ). Therefore the free energy depends on φ and LH u flat direction acquires a potential depending on temperature. Since the renormalization running has a logarithmic dependence, it is written as [5, 6] 
with c T = 45/32 for y |φ| T , where α s ≡ g 2 s /4π and y generically stands for Yukawa couplings for quarks. This is sometimes called thermal log potential.
In the previous subsection, we neglect the thermal potential and the AD field starts to oscillate around the origin of the potential at H(t) m φ / |c H |. When we take into account the thermal log potential, it starts to oscillate at the time of
Using Eqs. (27) and (37), this can be rewritten as
where we assume |c H | = 1 and n = 4. We numerically solve the equation of motion for φ and obtain the ellipticity parameter as where we define˜ that is expected to be of order unity. Here we assume
. One of our results is shown in Fig. 2 , where we set c H = 1, am 3/2 /H osc = −0.01, and θ 0 = π/10. The ellipticity parameter is much smaller than unity in this numerical calculation, so that the phase direction is kicked slightly. We are difficult to see that the AD field rotates in the phase space in the right panel of Fig. 2 though it actually does.
The baryon-to-entropy ratio is calculated as
where we assume
, |c H | = 1, and α s = 0.1 and use =˜ m 3/2 /H osc . This result is independent of the reheating temperature [6] . The observed baryon asymmetry can be explained when the coupling λ satisfies
where we assume˜ = 1. When we identify the AD field as LH u flat direction, this result implies that the lightest left-handed neutrino has a tiny mass of
1.6 × 10
Baryonic isocurvature constraint
In many cases, the phase direction of the AD field is massless during inflation. This implies that the phase direction has a quantum fluctuations during inflation [49, 50, 47, 19] :
Since the resulting baryon asymmetry is related to θ 0 [see Eqs. (31) and (43)], ADBG predicts baryonic isocurvature perturbations such as
Since the density perturbations of the CMB are predominantly adiabatic, the baryonic isocurvature perturbation is tightly constrained as [54]
Therefore, this constraint puts an upper bound on the energy scale of inflation:
This can be rewritten as
where we use Eq. (25) and assume |c H | = 1 and tan(nθ 0 ) = 1.
Affleck-Dine baryogenesis just after inflation
In this section, we explain a new scenario of ADBG where the AD field starts to oscillate around the origin of the potential just after the end of inflation. In general, this scenario is realized when the Kähler potential is give by
where S is the field whose F-term drives inflation and ψ is the field whose oscillation energy dominates the Universe after inflation. Here, we assume that the fields S and ψ are different fields, which is actually the case in hybrid and chaotic inflation models as shown in the subsequent sections.
During inflation, the AD field acquires the Hubble-induced mass via the F-term potential of the field S as Eq. (10). After inflation ends, the Hubble-induced mass comes also from higher-dimensional kinetic interactions between φ and ψ as Eq. (16) . Therefore, the Hubble induced mass term for the AD field φ is given by
where r (0 ≤ r ≤ 1) is the fraction of the energy density of ψ to the total energy after inflation. Therefore the sign of the Hubble-induced mass term can change after inflation. If its sign continues to be negative after inflation, the conventional scenario of ADBG is realized as we explain in the previous section. In the rest of this paper, we consider the case that the coefficient is negative during inflation and is positive after inflation. In this case, the AD field starts to oscillate around the origin of the potential just after the end of inflation. In contrast to the conventional scenario of ADBG, the dynamics of its phase direction depends on inflation models, so that the resulting B − L asymmetry depends on parameters in inflaton sector. In the subsequent sections, we consider hybrid and chaotic inflation models to investigate this scenario and calculate the amount of B − L asymmetry. Before we investigate the detail of the dynamics of AD field, we explain its rough behaviour in this section.
In the above scenario, the dynamics of the AD field is determined by the potential of
where c H < 0 during inflation and c H > 0 after inflation. The A-term potential of V A depends on inflation models and is explicitly derived in the subsequent sections. The lowenergy soft terms of Eq. (6) are irrelevant for the dynamics of the AD field. This makes our calculation simple and independent of low-energy SUSY models. In particular, the resulting B − L asymmetry is independent of how SUSY breaking effect is mediated to the visible sector.
Since we consider the case that c H < 0 during inflation and c H > 0 after inflation, the AD field starts to oscillate around the origin just after the end of inflation. At the same time, its phase direction is kicked by an A-term. The origin of A-term depends on inflation models and thus the resulting B − L asymmetry does. Here we just write generated B − L asymmetry as
and derive in the subsequent sections. The resulting baryon-to-entropy ratio is thus written as
This is the same with Eq. (36) but H osc is not given by Eqs. (26) and (41) . Since the AD field starts to oscillate just after the end of inflation in this scenario, H osc is given by the Hubble parameter at the end of inflation. Here, let us emphasise differences from the conventional scenario of ADBG. The Hubble parameter at the time of beginning of oscillation H osc is determined by the energy scale of inflation, not by either m φ nor T RH [see Eqs. (26) and (42)]. This is because the flat direction starts to oscillate just after the end of inflation due to the positive Hubble-induced mass term. In addition, φ osc depends only on H osc and λ via Eq. (27) . Therefore, the resulting B − L asymmetry is independent of parameters in low-energy SUSY models, such as m φ and m 3/2 . There are some advantages in this scenario. First, as we explain above, the resulting B − L asymmetry is independent of the masses of the AD field and gravitino. The result is also independent of how SUSY breaking effect is mediated to the visible sector. Secondly, non-topological solitons, called Q-balls, may form and affects the cosmological scenario after the conventional scenario of ADBG [40, 41, 12, 42, 43] , while they do not form in our scenario. This makes the discussion much simpler. In particular, Q-balls usually form in gauge mediated SUSY breaking models after the conventional scenario of ADBG and they are sometimes problematic in cosmology due to their long lifetime [43, 19] . Our scenario does not suffer from this problem. Thirdly, the thermal effect on the AD field can be neglected because the AD field starts to oscillate just after the end of inflation and before the thermal plasma grows sufficiently [55] . This also makes calculations simpler. In particular, the thermal log potential can be neglected even for LH u flat direction. Finally, our results imply that ADBG works in broader range of parameter space. Since the sign of the Hubble-induced mass term cannot be determined by underlying physics, it is equally possible that the sign becomes positive after inflation. In addition, viable parameter regions for some parameters, e.g., the reheating temperature, are different from the ones in the conventional scenario of ADBG. These fact imply that the Affleck-Dine mechanism works well in more cases than expected in the literature.
Hybrid inflation
In this section, we consider our scenario of ADBG in the simplest hybrid inflation model [56, 57] and calculate B − L asymmetry. The superpotential in the inflaton sector is given by
where S is inflaton, and ψ andψ are waterfall fields. The F-term potentials are thus given as
The inflaton S is assumed to have a large initial VEV so that the waterfall fields stay at the origin due to effective masses of κ S . Then the F-term of S is nonzero and drives inflation, where the energy scale of inflation is given by 3H 
where we define x ≡ |S| /µ. Inflation ends when its VEV decreases to the critical value of S cr ≡ µ. The Hubble parameter at the end of inflation is given by
After that, the waterfall fields as well as the inflaton start to oscillate around the minimum of the potential and their oscillation energy dominates the Universe. Around the minimum of the potential, the masses of inflaton and waterfall fields are given by √ 2κµ. Although the simplest hybrid inflation model predicts inconsistent spectral index with the observed value, some modifications can make it consistent. For example, we may introduce a higher dimensional Kähler potential for the inflaton to write a small negative mass term, which can result in a consistent spectral index [58, 59] . Since our discussion below is not affected at least quantitatively in this modification, we calculate B − L asymmetry in the above simplest model.
Dynamics of the AD field
The inflaton S is identified with the field S in Eq. (55) and the waterfall fields ψ andψ play a role of the field ψ in Eq. (55) . Thus the coefficient of the Hubble-induced mass c H can change after inflation. In this subsection, we consider the dynamics of the AD field in the hybrid inflation model and calculate B − L asymmetry.
Let us first consider the dynamics of the phase direction of the AD field. Using Eq. (7) with the total superpotential of W (AD) + W (inf) , we find that there is an A-term potential coming from
The A-term is written as
where θ S and θ φ are the complex phases of the fields S and φ, respectively. We use Eq. (25) and
Pl in the second line. This is a linear term of the inflaton S, so that the slope of the potential should not be larger than that of the Coleman-Weinberg potential [60, 59, 61] . Otherwise the inflaton cannot reach the critical VEV and inflation cannot terminate unless we allow a fine-tuning on the initial phase of inflaton. Referring to Ref. [61] , we introduce a parameter to describe the relative importance of the two contributions to the slope of the potential:
which should be smaller than unify so that the inflaton can roll towards the critical value without the fine-tuning.
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In the above minimal setup, there is no other term than Eq. (68) that affects the dynamics of the phase directions. Therefore, there is only one massive phase during inflation. For simplicity, let us assume that the inflaton and the AD field have approximately constant VEVs and (θ S − nθ φ ) 1. In this case, the unitary matrix to diagonalise the squared mass matrix for the phase directions is given by
in the (|S| θ S / √ 2, |φ| θ φ / √ 2) T basis. Thus, the massive direction denoted by f m θ m can be written as
and its mass m θm is given by
If the curvature of the phase direction is larger than the Hubble parameter during inflation, it stays at the minimum of the A-term, i.e., θ m = 0, and the phase direction cannot be kicked in the complex plane after inflation. In this case, B − L asymmetry cannot be generated. Thus, we require m θm H, which can be rewritten as
in order that the phase direction can stay at a different phase from the minimum due to the Hubble friction effect. We denote the initial phase as θ ini m . After inflation ends, the AD field acquires a positive Hubble-induced mass term and starts to oscillate around the origin of the potential. At the same time, the massive phase direction is kicked by the above A-term. Since the radial direction decreases with time due to the Hubble expansion, the A-term is relevant just after the beginning of oscillation. Thus we can estimate the angular velocity of massive phase direction such aṡ
[see Eq. (24)]. Using the inverse of the unitary matrix of Eq. (72), we obtain the angular velocity of the phase of the AD field such aṡ
Thus we obtain
where we define˜ which is expected to be of order unity. The numerical factor of (0.1 − 0.2) is determined from our numerical calculations explained below. Note that the resulting ellipticity parameter is consistent with a naive estimation of ∼ V A /φH 2 osc . 9 The ellipticity parameter , which describes the efficiency of baryogenesis, is much smaller than unity because of the condition of Eq. (76). This is because the phase direction of the AD field is kicked by the A-term that is suppressed by the VEV of the inflaton. After the oscillations begins, the amplitude of the radial direction of the inflaton S decreases with time as |S| ∝ a −3/2 . That of the AD field does as |φ| ∝ a −3/4 so that its number density (H(t) |φ| 2 /2) decreases as ∝ a −3 . Since the A-term, i.e., the B − L number violating interaction, is a higher dimensional term, it is turned off soon after the AD field starts to oscillate after inflation. The generated B − L asymmetry is then conserved in a comoving volume and thus n B−L ∝ a −3 for t > t osc .
We have numerically solved the equations of motion together with the Friedmann equation, where the waterfall fields are collectively described by a real scalar fieldψ such as ψ =ψ ≡ψ/ √ 2. We assume
1 and take into account next-to-leading order terms in terms of them. We use the full kinetic terms for S and φ [see Eq. (13)], while we assume a canonical one for ψ for simplicity. One of the results is shown in Fig. 3 , where the generated B −L asymmetry is consistent with Eq. (84). Taking parameters such as n = 4, 6, κ = 0.02 − 0.5, µ = 0.0004 − 0.02, λ = 0.01 − 100, and θ ini φ = 0.001 − 0.1, we 9 We implicitly assume that (S cr /M Pl ) > ∼ m 3/2 /H osc so that we can neglect an A-term of m 3/2 W φ [see Eq. (6)]. Otherwise may be of order m 3/2 /H osc . 
Baryon asymmetry
The AD field starts to oscillate just after inflation and generate B − L asymmetry. The oscillating AD field decays and dissipates into radiation [51] and the sphaleron effect relates the B − L asymmetry to the baryon asymmetry [3, 4] . Using Eq. (84), we can calculate the baryon-to-entropy ratio Y b such as
Since ≡˜ S cr /M Pl , S cr = µ, and H 2 osc
0.08 
× 10
−11 [53] in this scenario.
Since a linear combination of phase directions is massless during inflation, our scenario predicts nonzero baryonic isocurvature fluctuations like the case in Sec. 2.4. However, the energy scale of hybrid inflation can be lower than the constraint of Eq. (54). In fact, for the above reference parameters, our scenario is consistent with the present upper bound on the isocurvature mode.
Reheating temperature
As we can see in Eq. (89), the resulting baryon asymmetry depends on reheating temperature T RH . To determine it, let us consider the decay of inflaton. There is a lower bound on the reheating temperature because the inflaton decays into the MSSM particles via supergravity effects. The decay rate is calculated as
where m inf = √ 2κµ is the inflaton mass and y t is the top Yukawa coupling constant. The lower bound on the reheating temperature is thus given by [62] 
If there is an interaction between the inflaton and Higgs fields such as
then the inflaton decay rate and the reheating temperature are estimated as
Note that the coupling constant y should be smaller than κ so as not to affect the ColemanWeinberg potential of Eq. (64) . Thus the reheating temperature cannot be higher than that of Eq. (94) with y ≈ κ. We have to take into account the constraint on T RH from gravitino overproduction problems. The inflaton decays also into gravitinos via supergravity effects. Its production rate is given by [62] 
The resulting gravitino-to-entropy ratio from this contribution is given by
Gravitinos are also produced from scatterings in the thermal plasma after reheating completes. Its abundance is given by [63, 64, 65 ]
) and ρ c ( 1.052 × 10 −5 h 2 GeV/ cm 3 ) are the present entropy density and critical energy density, respectively. The parameter mg is gluino mass and h is the present Hubble parameter in the unit of 100 km s −1 Mpc −1 . Stringent bounds on the reheating temperature are obtained when we assume that the gravitino is the lightest SUSY particle (LSP) and is stable. In this case, its abundance should not exceed the observed DM abundance:
where Ω DM h 2 ( 0.12) is the DM relic density. 10 For example, in the case of m 3/2 = 100 GeV, the reheating temperature is bounded such as
where we use h 0.67. We can see that the reference parameters used in Eq. (89) are consistent with this bound.
Note that for the case of n = 4, the coupling constant in the superpotential of the AD field cannot be much larger than 10 −4 because of the upper bound on the reheating temperature.
For the case of n = 6, we can naturally explain the observed baryon asymmetry for λ = O(1) with a reheating temperature consistent with the gravitino problem. This is in contrast to the result in the conventional scenario of ADBG [see Eq. (36)], where an extremely large value of λ is required to be consistent with the lower bound on reheating temperature. In the case of such a large value of λ, the thermal log potential has to be taken into account even for n = 6.
Chaotic inflation
In this section, we consider our scenario of ADBG in a chaotic inflation model with a shift symmetry in supergravity [67, 68] . The inflaton I has a shift symmetry in the Kähler potential and the minimal Kähler potential is written as
where X is a stabiliser field. Note that c 0 is an order parameter of Z 2 symmetry, under which the fields I and X are odd, so that we take c 0 as a free parameter that may be smaller than unity. We include the |X| 4 term in the Kähler potential, which cannot be suppressed by any symmetries. The other higher dimensional terms do not change our discussion qualitatively, so that we neglect them in the following analysis.
To realize chaotic inflation in a quadratic potential, the superpotential is assumed to break the shift symmetry such as
where m inf is inflaton mass. The field I has a quadratic potential from the F-term of X. 
The stabiliser field X obtains a Hubble-induced mass via the higher dimensional Kähler potential such as
This implies that the dynamics of X is qualitatively different from the case with c 3 = 0. We should include them because the higher dimensional Kähler potential cannot be suppressed by any symmetries, To realize chaotic inflation, we assume c 3 > 0. Then the field X stays at the origin. However, when we take into account of the backreaction of the AD field, X obtains a small VEV as shown in the next subsection.
Dynamics of the AD field
Taking into account the AD field, we consider the Kähler potential of
Although we introduce a shift symmetry for the field I, the fields X and I basically correspond to the fields S and ψ in Eq. (55), respectively. The AD field acquires the Hubbleinduced mass term from the F-term of X during inflation. After inflation ends, the Hubbleinduced mass term partially comes from kinetic interactions. In fact, the Kähler potential of −c 2 /2(I + I * ) 2 |φ| 2 induces a kinetic interaction of
We obtain the effective Hubble-induced mass term of (3c 2 /2)H 2 (t) |φ| 2 from this kinetic interaction. To sum up, the Hubble-induced mass term is given by
where the other terms than the one proportional to c 2 come from the potential energy. Thus we can consider the case that the coefficient c H is negative during inflation and is positive after inflation.
There is also an A-term such as
where we use Eq. (25) and H(t) m inf |I| / √ 3M Pl in the last line and θ I , θ X , and θ φ are the complex phases of the fields I, X, and φ, respectively. The coefficient a is given by
The A-term can be regarded as a linear term for X. Since the field X has a positive Hubbleinduced mass term of Eq. (103), it stays at the following minimum during inflation:
A linear combination of the phase directions has a mass of order the Hubble parameter due to the A-term, so that it stays at the following minimum during inflation:
where we use Re[I] Im[I] during inflation. After inflation ends, the field I starts to rotate in the phase space as shown in Fig. 1 and its phase θ I has a nonzero velocity. This implies that a linear combination of the phases θ X and θ φ obtains a nonzero velocity to follow its potential minimum. Since the A-term contains the phase direction of the inflaton, the whole dynamics is difficult to imagine. In fact, one may estimate ≈ a |X| osc /M Pl like the case in the hybrid inflation model considered in the previous section [see Eq. (84)], but we find this estimation wrong. We perform numerical calculations to solve the equations of motion for the complex scalar fields S, X, and φ. We use the full supergravity potential for S, X, and φ. The kinetic interactions are simplified such that S and X have canonical kinetic terms for simplicity. We take into account the kinetic interactions for φ associated with c 2 , which is needed to change the sign of its Hubble-induced mass term. The parameters are taken in the intervals of λ = 10 −3 − 10 4 and c 0 = 10 −5 − 1 for n = 4 and 6. The O(1) coefficients in the Kähler potential are assumed to be c 1 = 2, c 2 = 1, and c 3 = 1. From our numerical calculations, we obtain the following results:
where the factor of 0.01 − 0.1 is a numerical uncertainty. One example of our results is shown in Fig. 5 , where we set λ = 1, n = 6, c 0 = 0.5, c 1 = 2, |c 2 | = 1, and c 3 = −1. The blue curve represents the time evolution of the B − L number after the end of inflation, while the orange dashed curve corresponds to Eq. (116) with a numerical factor of 0.01. The oscillation behaviour of B − L number density may come from the effect of the oscillating inflaton through supergravity effects and is irrelevant for our discussion. 11 The c 0 dependence in our result of Eq. (115) comes from the ellipticity of the dynamics of the inflaton in the complex plane. This means that B − L asymmetry cannot be generated for c 0 = 0, in which case no CP odd component of the field I is excited. One might wonder why there is no factor of |X| in our result of Eq. (115) in contrast to the one in the case of hybrid inflation [see Eq. (84)]. Although we perform numerical calculation with the full supergravity potential with some kinetic interactions to derive the above results, we also check the same parameter dependence in the following toy model:
where H(t) = 2/3t. Initial conditions are taken as
This means that the VEV of the AD field is as large as the Planck scale during inflation. In this case, the backreaction of the AD field to inflaton dynamics might be relevant. As a result, the tensor-to-scalar ratio can be consistent with the present constraint within 2σ [11] . Note that the number density of the AD field decreases with time as ∝ a −3 due to the expansion of the Universe. This means that its energy density decreases as a −9/2 because its effective mass is of order the Hubble parameter, which decreases as a −3/2 . Thus its energy density never dominates that of the Universe and the result of Eq. (122) is applicable even for the case of φ osc M Pl .
Reheating temperature
The inflaton can decay into the MSSM particles via supergravity effects. Its decay rate is calculated in Ref. [62] and is given as 
This implies that the reheating temperature is given by 
Together with Eq. (124), we find that the observed baryon asymmetry can be explained when c 0 = O(0.1).
Note that there may be a renormalizable coupling such as
If c 0 is sufficiently small, the decay rate is determined by this term and is given by 
However, the coupling constant y should be suppressed by a factor of m inf /M Pl not to affect the inflaton potential, so that the reheating temperature is at most 10 9 GeV [71] .
In order to kick the phase direction and generate B − L asymmetry, we need a nonzero value of Z 2 breaking parameter c 0 . However, the Z 2 breaking term makes the inflaton decay into gravitinos efficiently via supergravity effects and its decay rate is the same order with that of Eq. (125). Therefore, there is a gravitino problem from inflaton decay. We can avoid the problem by assuming that the gravitino is sufficiently heavy (m 3/2 > ∼ 100 TeV) so as to decay before the BBN epoch and the R-parity is violated for the LSP not to overclose the Universe. Or, we can assume that gravitino is sufficiently light (m 3/2 < ∼ 2 keV), in which case they do not overclose the Universe. The former possibility might be well motivated partly because the observed 125 GeV Higgs mass favours a heavy squark mass of order 100 TeV for a small tan β [72, 73, 74, 75] .
Discussion and onclusions
We have investigated a new scenario that the Affleck-Dine mechanism works just after the end of inflation. The AD field stays at a large VEV by a negative Hubble-induced mass term during inflation and then starts to oscillate around the origin by a positive one after inflation. At the same time, its phase direction is kicked by an A-term and B −L asymmetry is generated. Since its dynamics is determined by Hubble-induced terms, the resulting B − L asymmetry is independent of parameters in low-energy SUSY models. This fact makes our scenario very simple. In particular, Q-balls, which sometimes form after the conventional scenario of ADBG, do not form in our scenario.
The A-term depends on inflation models, so that the resulting B − L asymmetry does in our scenario. We have investigated the scenario and calculated the produced amount of B − L asymmetry in F-term hybrid and chaotic inflation models in supergravity. We have found that our scenario requires a higher reheating temperature than the one required in the conventional scenario. This implies that ADBG works in larger parameter spaces than expected in the literature. In particular, in the F-term hybrid inflation model, the required reheating temperature is naturally consistent with the gravitino overproduction bounds.
The required reheating temperature is not unnaturally small even if the VEV of the AD field is so large that its backreaction to inflaton dynamics becomes relevant. Since the backreaction can make the spectral index and tensor-to-scalar ratio consistent with observations [11] , this is another advantage of this scenario.
